The integration of neurons within the developing cerebral cortex is a prolonged process dependent on a combination of molecular and physiological cues. To examine the latter we used laser scanning photostimulation (LSPS) of caged glutamate in conjunction with whole-cell patch-clamp electrophysiology to probe the integration of pyramidal cells in the sensorimotor regions of the mouse neocortex. In the days immediately after postnatal day 5 (P5) the origin of the LSPS-evoked AMPA receptor (AMPAR)-mediated synaptic inputs were diffuse and poorly defined with considerable variability between cells. Over the subsequent week this coalesced and shifted, primarily influenced by an increased contribution from layers 2/3 cells, which became a prominent motif of the afferent input onto layer 5 pyramidal cells regardless of cortical region. To further investigate this particular emergent translaminar connection, we alternated our mapping protocol between two holding potentials (Ϫ70 and ϩ40 mV) allowing us to detect exclusively NMDA receptor (NMDAR)-mediated inputs. This revealed distal MK-801-sensitive synaptic inputs that predict the formation of the mature, canonical layer 2/3 to 5 pathway. However, these were a transient feature and had been almost entirely converted to AMPAR synapses at a later age (P16). To examine the role of activity in the recruitment of early NMDAR synapses, we evoked brief periods (20 min) of rhythmic bursting. Short intense periods of activity could cause a prolonged augmentation of the total input onto pyramidal cells up until P12; a time point when the canonical circuit has been instated and synaptic integration shifts to a more consolidatory phase.
Introduction
Our current view of the mechanisms that underlie the integration and consolidation of neural networks is that promiscuous connections are initially supported by spontaneous intrinsic activity and subsequently pruned by emergent sensory input (Katz and Shatz, 1996) . Spontaneous activity is evident in many developing neuronal circuits (Blankenship and Feller, 2010) including the neocortex (Garaschuk et al., 2000; Khazipov and Luhmann, 2006; Allène et al., 2008; Golshani et al., 2009) . However, there is remarkably little understanding of the development of pathways intrinsic to the neocortex that convey such early activity, with previous studies focusing primarily on subplate neurons (Zhao et al., 2009) , the period of sensory awakening in the ferret visual cortex (Dalva and Katz, 1994) or the feedforward pathways in the barrel field of the mouse somatosensory cortex (Bureau et al., 2004; Ashby and Isaac, 2011) .
Neocortical pyramidal cells are generated in the embryonic telencephalon over a period of several days (E11.5-E15.5) through a process controlled via a complex genetic cascade (Molyneaux et al., 2007) . They undergo radial migration to form, in an inside-out pattern, the layers of the emergent cerebral cortex (Angevine and Sidman, 1961; Rakic, 1974) . In the immediate days following layer formation, signaling is mediated primarily through gap junction coupling between pyramidal cells clustered in local domains (Yuste et al., 1992; Montoro and Yuste, 2004; Dupont et al., 2006; Yu et al., 2012) . From postnatal day 4 (P4)-P5 onward, there is an emergence of long-range synchrony (Golshani et al., 2009) , paralleled by increased synaptic activity. However, the time course and mechanisms that drive the network transition from local domains toward the mature circuit have not been described.
Here we employ laser scanning photostimulation (LSPS) in acute in vitro mouse neocortical slices to assess gross excitatory connectivity throughout the P5-P21 postnatal time window. We find that one of the key features of this early network are longrange NMDA receptor (NMDAR)-only-mediated inputs (Isaac et al., 1995; Liao et al., 1995) that appear to predict the subsequent development of the canonical cortical circuit (Gilbert and Wiesel, 1983; Douglas and Martin, 2004) . Evoking brief periods of spike activity could reshape synaptic input onto a proportion of pyra-midal cells; however, this property was only apparent during a finite temporal window (ՅP12). This provides support for the notion that early pyramidal cells constantly sample the milieu of activity causing them to oscillate between quiescent and integrated synaptic states (Hanse et al., 2009; Kwon and Sabatini, 2011) . P12 represents a critical juncture in the development of the neocortex. Beyond this point activity can no longer facilitate the gross physiological integration of cells and there is a concomitant collapse in the number of silent, NMDAR-dependent synaptic input (Rumpel et al., 2004) . As such, this would appear to represent the time point when the relay of sensory input via the supragranular layers to the output layers of the canonical cortical circuit is firmly established (Golshani et al., 2009; Ashby and Isaac, 2011; Rochefort et al., 2011) .
Materials and Methods
Slice preparation. All animal experiments were approved by the local ethical review committee and conducted in accordance with Home Office personal and project (70/6767) licenses under the UK Animals (Scientific Procedures) 1986 Act. CD1 mice of either sex, bred in the local animal facility, were deeply anesthetized with 4% isoflurane (in 100% O 2 ) before decapitation and dissection of the brain in ice-cold, normal artificial CSF [ACSF; composition (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 20 glucose; pH equilibrated with 95%O 2 /5% CO 2 ; all chemicals were sourced from Sigma unless otherwise specified]. Coronal slices (375-400 m) containing the somatosensory regions of the neocortex were cut in ice-cold ACSF using a vibratome (Vibratome 3000 Plus; The Vibratome Company) before being individually transferred to an incubation chamber containing normal ACSF maintained at room temperature, where they were stored for a minimum of 1 h before recording.
Whole-cell patch-clamp electrophysiology. Electrophysiological analysis was performed on mice (P5-P21) similar to the method previously described (Butt et al., 2005) . Whole-cell tight-seal patch-clamp recordings were made from randomly selected pyramidal cells located in layers 2/3 and 5 of the motor (M1, M2; Paxinos et al., 2007) and adjacent primary somatosensory cortices (S1HL, S1Tr, S1BF). Cells (Ͼ50 m below the surface) were selected in areas that showed good preservation of the columnar structure; assessed by the presence of apical dendrites of layer 5 pyramidal cells extending up to layer 2. Patch electrodes were made from borosilicate glass (5-8 M⍀; Harvard Apparatus) and filled with a solution containing the following (in mM): 128 K-gluconate, 4 NaCl, 0.3 Li-GTP, 5 Mg-ATP, 0.0001 CaCl 2 (it should be noted that the Ca 2ϩ concentration can be higher due to contamination with Ca 2ϩ ions present in the other salts), 10 HEPES, and 1 glucose. To facilitate immunohistochemistry and morphological reconstruction, 0.2% Lucifer yellow was also included. For silent synapse input maps the K ϩ in the electrode solution was replaced with Cs ϩ (Rumpel et al., 2004) and the E Cl adjusted to ϳ0 mV.
The intrinsic maturity of the recorded cells was ascertained in normal ACSF using current-clamp configuration (MultiClamp 700B; Molecular Devices) and analyzed off-line (Clampfit v10.1). Standard electrophysiological protocols were followed throughout. Access resistance and passive membrane properties were ascertained shortly after rupturing the patch and periodically during the course of the experiments to ensure that there was no significant deterioration in the health of the cell. Cells that showed significant rundown were discarded. Intrinsic membrane properties were ascertained using short-duration (500 ms) depolarizing and hyperpolarizing current steps (0.1-0.2 Hz). All parameters were measured on at least 3 occasions for each cell.
Laser scanning photostimulation. LSPS was performed using a ultraviolet (UV)-laser (DPSL-355/30) and accompanying UGA-40 targeting module (Rapp OptoElectronic GmbH), focused through a Zeiss Axioskop FS2-plus microscope and 10ϫ UPLFLN objective (Olympus). Slices were preincubated for a minimum of 6 min before UV photostimulation with high divalent cation (HDC) ACSF, which was identical in composition to normal ACSF with the exception that it contained raised levels (4 mM) of MgCl 2 and CaCl 2 , and in addition, 100 M methyl 1-[5-(4-amino-4-carboxybutanoyl)]-7-nitroindoline-5-acetate hydrate-caged glutamate (Sigma). The direct response of the recorded cell to glutamate uncaging was assessed under current-clamp configuration. Maximum power obtained at the specimen plane was ϳ2 mW. UV laser power was calibrated to evoke Ն2 action potentials when the laser was fired directly at the cell soma, but minimize suprathreshold responses elicited at distal sites. On a few occasions (n ϭ 5) laser power was calibrated in cell attached mode before whole-cell patch-clamp configuration and only a slight difference observed compared with whole-cell recordings in the same cells. Neurons recorded in cell attached mode were marginally more excitable with 1-2 additional action potentials elicited in response to LSPS target to the cell soma. However, the ability to evoke action potentials were still restricted to the immediate layer. The direct, somatic suprathreshold glutamate response dynamics were determined for each cell and used to calculate the putative monosynaptic response interval for the subsequent mapping experiments performed under voltage clamp. The EPSC response interval was defined as running from the average onset of the first elicited action potential to 100 ms after the last; the exception being those mapped using the Cs ϩ -based intracellular electrode solution when the laser power and response interval for these cells was based on the average for cells previously mapped at the same developmental stage using standard intracellular solution. For all the glutamatergic synaptic input mapping experiments the uncaging grid was organized with 50 m between laser target points, which were triggered in a pseudorandom pattern to prevent sequential stimulation of adjacent sites (Shepherd et al., 2003) . In addition the laser was fired at 1 Hz, with no stimulation at adjacent sites within 4 s. The width of the grid was kept constant at 450 m, while the length (650 -850 m) varied according to developmental age. The first run through of the targeting protocol was conducted in current clamp to confirm the direct response profile of the cell and the absence of distal suprathreshold responses. Cells were then mapped a further 5-8 times under voltage clamp (holding potential: Ϫ60 mV). Current traces were analyzed offline using Minianalysis 6.0 (Synaptosoft Inc.) and all EPSCs logged. In instances where multiple, summating EPSCs were observed within the event detection window (see Fig.  3B , trace 3), the minianalysis multipeak extrapolation function was used to ensure an accurate representation of total input. The number and amplitude of EPSCs that occurred within the response interval were subsequently extracted using a customized Matlab R2011 script (The MathWorks). To generate the synaptic input map the sum amplitude of the time-locked EPSCs was calculated for each target spot per run, and then averaged across all sweeps. A photomicrograph was taken of the targeting grid relative to the acute in vitro slice using the Axiovision v4.6 module of the UGA-40 to allow direct correlation of the laser target points and the layer boundaries.
Previous reports have demonstrated differences in the source of synaptic input onto the two major physiological subtypes of layer 5 pyramidal cells (Agmon and Connors, 1989; Schubert et al., 2001 Schubert et al., , 2006 . Given the late emergence of the intrinsic bursting properties of these cells (Flint et al., 1997) data from layer 5 pyramidal cells was pooled regardless of putative subtype. Recovered morphologies suggest that the vast majority were of the simple dendritic arbor, regular spiking subtype (Schubert et al., 2001) Technical consideration for LSPS mapping of putative NMDA receptormediated afferent input. LSPS mapping of NMDA receptor (NMDAR)-mediated afferent input presented a number of technical challenges. (1) The increased sensitivity of the postsynaptic cell to glutamate via NMDARs meant that we encountered additional direct (short latency, long duration) responses at ϩ40 mV (see Fig. 8 D) , where previously we had observed none at Ϫ70 mV. However, these were often of sufficiently low amplitude that they did not obscure EPSCs elicited as a result of glutamatergic stimulation of adjacent pyramidal cells. (2) We had to be able to account for the contribution of GABAergic input to the PSCs observed at ϩ40 mV. We used a modified cesium chloride electrode solution that gave an approximate reversal potential for chloride (E Cl ) of 0 mV, meaning that any GABA A receptor-mediated conductances would contribute at both holding potentials; using standard intracellular electrode solution I GABA was barely detectable at a holding potential of Ϫ70 mV. The success of our strategy was confirmed by both mapping at a holding potential of 0 mV, which revealed no detectable conductances across the extent of the uncaging grid (data not shown) and also UV laser uncaging of 100 M ␣-carboxy-2-nitrobenzyl ester-caged GABA (Life Technologies) in proximity of the recorded cell. The latter caused a picrotoxin-sensitive conductance at Ϫ70 and ϩ40 mV but no response at 0 mV (data not shown). This allowed us to attribute sites where PSCs were observed solely at ϩ40 mV as those possessing inputs carried by putative NMDARs. (3) To confirm these novel inputs were synaptic in origin, and caused by NMDAR-dependent currents, slices were incubated in a 5 M concentration of the open channel NMDAR blocker MK-801(5H-dibenzo[a,d]cyclohepten-5,10-imine; dizocilpine maleate) and 4 M bicuculline methiodide for ϳ45 min. This approach has been used previously to dissociate the role of synaptic and extrasynaptic NMDARs (Hardingham et al., 2002) . Slices were then maintained in normal ACSFϩMK-801 briefly before recording and mapping in HDC ACSF plus caged glutamate.
Pharmacological stimulation of network activity. Immediately after LSPS cells were returned to normal ACSF and the viability of the cell assessed. To globally stimulate activity in the acute in vitro slices we incubated them in either elevated K ϩ (4 mM) ACSF to elicit cGDPs (Allène et al., 2008) or nominally zero Mg 2ϩ concentration (0-Mg 2ϩ ) ACSF (Silva et al., 1991) . After a period of 20 min the cells were returned temporarily to normal ACSF until residual activity had diminished to baseline levels before being remapped in HDC ACSF as described above.
Morphological reconstruction of cells. After completion of the electrophysiology, slices containing Lucifer yellow-filled neurons were transferred to 4% paraformaldehyde and fixed for a maximum of 3 h. at 4°C under weighted fine gauze, to prevent distortion of the tissue. The layer 5 boundary was defined at various developmental ages using a rat antiCtip2 antibody (1:400; Abcam plc) incubated overnight at 4°C and then visualized using Goat anti-Rat Cy3-or Cy5-conjugated secondary antibodies (both 1:200; Millipore). After fluorescent image capture, the Lucifer yellow was converted to a dense, dark-colored diaminobenzidine content to facilitate detailed histological reconstruction as described previously (Butt et al., 2005) .
Statistical analysis. All statistical analysis was performed using Matlab R2011. The normality of the data was tested using a combination of Lilliefors test (lillietest) and normplot function. Differences in population data conforming to a normal distribution were compared using a Student's t test. For individual cells one-way ANOVA (anova1 function, Matlab R2011) was used to look for systematic differences in the level of synaptic input across the depth of the cortical column; the null hypothesis being that the input was evenly distributed across this axis. To compare afferent input maps for the same cell recorded under two conditions (e.g., synaptic input at a holding potential of Ϫ70 mV or ϩ40 mV) we performed two-tailed Wilcoxon signed-rank test. For all statistical tests the difference was deemed significant if p Ͻ 0.05. All data are reported as mean Ϯ SEM; percentage data was arcsine transformed before calculation of the SEM and reported as ϩSEM%, ϪSEM% where a difference in the SEM percentage value Ն1% was calculated.
Results

Photostimulation uncaging of glutamate in the developing neocortex
One of the challenges presented when using photostimulation technologies to probe connectivity over a prolonged early developmental time window is the shift in the intrinsic membrane properties and excitability of the target cells (Kasper et al., 1994; Luhmann et al., 2000; Maravall et al., 2004; Oswald and Reyes, 2008) . To control for this, our approach was to calibrate the intensity of the UV LSPS according to the direct glutamate response of the recorded pyramidal cell recorded in the mouse neocortex acute in vitro slice. Our objective was to consistently evoke two or more action potentials in the recorded cell only when the laser was fired directly at the soma. In an initial series of experiments (n ϭ 6 cells) we targeted the immediate proximity of the recorded cell soma with a 25 m spaced pseudorandom grid, and over a number of repeats (n Ն 3 per laser setting) varied the laser intensity ( Fig. 1 A) until our criterion of Ն2 action potentials at the fewest spots was fulfilled (25% laser setting in the example shown in Fig. 1 A, B) . For all six cells we could not resolve to less than two adjacent target spots suggesting that the effective resolution of our LSPS protocol was on the order of 50 m diameter.
To map the translaminar synaptic input onto the developing pyramidal cells we used an extended 50 m spaced pseudorandom uncaging grid programmed using the laser targeting UGA-40 system. Great care was taken at the start of all subsequent recordings to calibrate the power of the UV laser using a similar approach to that mentioned above, but now controlled for the entire extent of the dendritic arbor. This was particularly problematic at early ages when the relatively simple dendritic arbor of the pyramidal cells was dominated by a broad apical dendrite ( Fig. 1C) and numerous thin neurites. The most effective strategy-similar to that reported for 2-photon glutamate uncaging (Ashby and Isaac, 2011) , was to use low intensity (Ͻ2 MW in the plane of the slice), long-duration (100 ms) pulses that reduced distal LSPS-evoked spikes ( Fig. 1 D-F ), without compromising the ability to reliably generate action potentials at the cell soma ( Fig. 1 D, red traces, F ). A plot of the calibrated laser power over development revealed a pronounced shift around P9 -P12 in the excitability of the pyramidal cells in both layer 2/3 and 5 (Fig. 1G,H ) . A difference in the excitability of layer 4 neurons to short-duration, high-power LSPS at early postnatal ages has previously been reported (Bureau et al., 2004) . Mindful that such a difference could cause distortions in our excitatory input maps, we recorded from layer 4 pyramidal cells at three time points around P12 ( Fig. 1 I) . These data suggest that the response of pyramidal cells to our LSPS protocol is fairly uniform across all the layers of the cortex, not long after the inside-out development of the neocortex has ceased (Rakic, 1974; Miller, 1988) .
Our approach accounted for variation in the sensitivity of pyramidal cells to LSPS-evoked glutamate uncaging over development, which in turn reduced action potential generation in response to distal LSPS, thus maintaining the spatial resolution of the maps. However, the requirement for long-duration (100 ms) laser pulses, necessary to achieve the latter, resulted in increased temporal variability in the onset and time course of action potential generation (Fig. 1 B) . To establish the putative monosynaptic event window parameters for the calibrated laser pulse, we repeatedly stimulated (0.05 Hz) action potentials in a number of cells recorded in HDC ACSF either at the beginning (P5-P8, n ϭ 46 evoked bursts of action potentials from 4 cells) or end of our developmental time frame (P17-P21, n ϭ 59 from 4 cells). Recorded cells had similar spike distributions at both developmental time points (Fig. 2 A, B) , with a high probability of the first spike occurring toward the end of the 100 ms laser pulse, while the last spike was triggered over a broader time frame culminating Յ200 ms after termination of LSPS. Afferent input onto the cells were then mapped using our standard LSPS protocol (in HDC ACSF), and all the detected EPSCs pooled for the 4 cells recorded at each age group. The temporal distribution of the EPSCs at early (Fig. 2C ) and late (Fig. 2 D) ages revealed an increase in the number of EPSCs toward the end of the 100 ms laser pulse, around the time of the average first spike. This peaked shortly thereafter and then tailed off to background levels. Based on our analysis of the spike and EPSC distributions we decided to use the average onset of the first spike and an arbitrary end point of 100 ms after the average last spike to identify and collect puta-tive monosynaptic EPSCs for the maps (gray histogram bars, Fig.  2C,D) . Regardless of the developmental age this time window captured on the order of 65-70% of the recorded EPSCs (Fig.  2 E, F ) .
LSPS mapping of glutamatergic synaptic input
Our analysis of glutamatergic synaptic input onto pyramidal cells commenced at P5, a time point that coincides with the emergence of synaptically driven oscillations in the neocortex (Dupont et al., 2006; Allène et al., 2008) , and also when we could first observe consistent EPSCs in response to LSPS. We divided the time frame of our investigation into four arbitrary time windows: P5-P8, P9 -P12, P13-P16, and P17-P21. To reduce background synaptic activity and attenuate LSPS-evoked polysynaptic events we perfused the slices with HDC ACSF before and during photostimulation (Shepherd et al., 2003; Jin et al., 2006) . For all cells the individual cell-specific putative monosynaptic window was established by first calibrating the laser to fire two or more (typically 2-4) action potentials when targeted at the cells soma recorded in current-clamp mode (Fig. 3A) . Synaptic input was subsequently mapped with the pyramidal cells voltage-clamped at Ϫ60 mV (Fig. 3 B, C) . Firing of the calibrated UV-laser at a give spot in the tissue (and resultant localized uncaging of glutamate) evoked one of three responses in the recorded cell: (1) no response at all (Fig. 3B, trace 1) , indicative that that particular target point did not contain any pyramidal cells forming afferent connections onto the recorded cell; (2) a large inward current that commenced from the moment the UV-laser fired and gradually A, To establish the approximate area excited by LSPS-evoked glutamate uncaging, the UV laser (355 nm; 100 ms duration) was repeatedly fired at a range of intensities (from left to right: 10%, 25%, 40% of maximal laser power at the slice interface) in the immediate vicinity of the recorded P10 pyramidal cell (white triangle, left panel) at target points spaced at a distance of 25 m (white dots, left panel). Action potentials (red squares) were consistently evoked at two or more spots at higher intensities. Raw current-clamp traces from the numbered laser target points at 25% laser power (middle panel) are shown in B. B, Superimposed traces from two repeats (red and blue traces) at 25% laser power. Direct responses matched the duration (100 ms) of the laser pulse (bold black line under the traces). C, Reconstructed morphology of a P6, layer 5 pyramidal cell. At early ages the relatively simple dendritic arbors with numerous small neurites (arrow) required careful adjustment of the laser intensity. D, Direct stimulation profiles of the cell (C) at a range of laser powers; only spots in the immediate vicinity of the recorded cell are shown for clarity; full averaged response maps are shown in E and F. Inset, Diagram of the 150 ϫ 150 m grid with the location of the cell soma target spot indicated by the triangle. E, F, Complete direct stimulation maps of the cell shown in C and D at 25 and 12% laser power, respectively. Calibration of the laser intensity ensured that action potentials (red squares) were only elicited when the laser was fired directly at the cell soma (indicated by the white triangles) during the columnar LSPS mapping (50 m spaced grid). The laser spots enclosed by the white dashed box correspond to those points shown in D; the layer 2/3 to 5 boundary (white dashed line) is approximated to the nearest 50 m. Calibration of the laser intensity required to evoke action potentials at the cell soma revealed increased power for layer 2/3 (G), layer 5 (H ), and a smaller sample of layer 4 (I ) pyramidal cells over the developmental period studied; all values ϮSEM. increased in amplitude over the duration of photostimulation which corresponded to a direct glutamate response (data not shown; see, however, Fig. 1 B) ; (3) time-locked EPSCs that occurred at a delay from laser onset (Fig. 3B, traces 2, 3) indicative that presynaptic cells were present at that target point. In contrast to direct responses, EPSCs had rapid rise times and were of short duration. EPSCs that occurred within the defined monosynaptic event interval (Fig. 3B) were extracted and the amplitude measured for each pixel across the entire grid. The sum amplitude of the EPSCs was then calculated and plotted to generate a single, raw input map (Fig. 3C ). EPSCs coincident with, but not obscured by, low amplitude direct responses were included in the analysis (Fig. 3C, asterisks) . To be consistent in our allocation of layers over the broad developmental time window examined, we related the position of the recorded, Lucifer yellow-filled neuron to the deep layer (predominant layer 5) marker CTIP2 (Fig. 3C , inset) in addition to the photomicrograph and anatomical boundaries in the recovered morphology (data not shown). Layers were approximated to the nearest pixel. We examined the variability between individual map by repeatedly recording (Ն5 min between each mapping epoch) from the same cell for as long as the whole-cell patch clamp was stable (n ϭ 3 cells; P11 and P12). We then used an ad hoc criterion of the difference between the running average map and the latest epoch, divided by the variances of those maps, to study how similar a newly recorded map was compared with the current estimate. Repeated mapping (Fig. 3D ) greatly reduced the potential for erroneous inputs. We settled on a ϳ10% error in the final synaptic input map, for which we needed to collect and average at least 5 individual maps (Fig.  3E ). This represented a fair trade off between maintaining stable whole-cell patch clamp and the reliability of our reported data.
Development of excitatory synaptic input in motor and adjacent somatosensory cortices
Previous studies on the development of excitatory synaptic input have focused on the subplate (Zhao et al., 2009; Viswanathan et al., 2012) , as well as local and feedforward pathways in the highly specialized whisker barrel cortex (Bureau et al., 2004; Ashby and Isaac, 2011) and layer 2/3 of the visual cortex (Dalva and Katz, 1994) . We were intrigued by the possibility that there might be early, stereotypical connections conserved across cortical regions independent of thalamic input; connections that provide the conduit for the spontaneous, intrinsically generated, activity observed in early cortical circuits (Garaschuk et al., 2000; Allène et al., 2008; Golshani et al., 2009 ). All the experiments were performed on coronal slices, severing any subcortical input. We mapped the excitatory synaptic inputs onto a total of 70 pyramidal cells, 36 of which were located in motor regions (Fig. 4) of the neocortex and 34 in adjacent somatosensory areas (Fig. 5) . At early ages the observed LSPS-evoked EPSCs were invariably of small amplitude (Ͻ10 pA) and could be triggered in a relatively diffuse manner across the extent of the LSPS grid (Figs. 4 A, E,  5 A, E), with considerable variability between cells in terms of the layer providing the predominant input (Figs. 4 D, H, 5D, H ) . From the end of the first postnatal week onward, more prominent sources of excitatory input became apparent in both of the cortical regions examined (Figs. 4 B, 5B, F ) . These continued to develop (Fig. 4 F) so that by the later time points (Figs. 4C,G , 5C,G) we could observe afferent input consistent with the canonical circuit that has previously been described for the mammalian neocortex (Gilbert and Wiesel, 1983; Thomson and Bannister, 2003; Douglas and Martin, 2004) .
The overall development of afferent connectivity was similar across the two cortical regions examined (Fig. 6) . We pooled the data from the somatosensory cortices as there was no significant difference in total synaptic input between age-matched S1BF and non-S1BF regions (data not shown). There was a more gradual increment in total input on pyramidal cells in somatosensory areas (Fig. 6 A) , with gross connectivity showing a significant increase around the moment when the circuit first experiences concerted feedforward sensory input (Bureau et al., 2004) . In contrast, pyramidal cells of the motor cortex showed a significant increase in glutamatergic input later in our developmental time frame (Fig. 6 B; for representative example, see Fig. 4C ). We also examined the degree to which afferent input was focused across the layers of the cortex. One-way-ANOVA was performed to test the null hypothesis that the source of synaptic input was evenly distributed across the vertical/ layer axis (Fig. 6C,D) . This revealed that toward the end of our period of analysis (P17-P22) all somatosensory pyramidal cells received focused input ( p Ͻ 0.05; ANOVA), whereas not all layer 5 motor pyramidal cells did (Fig.  6 D) . These differences aside, it was evident that regardless of the layer or region, pyramidal cells were increasing dominated by layer 2/3 afferent input over time (Hooks et al., 2011) . This was particularly noticeable in layer 5a/upper 5b (marked with Ctip2) pyramidal cells (see also Anderson et al., 2010 ) when compared side-by-side across development (Fig. 6 E, F ) . In the days immediately after P12 there was a significant increase in the total Figure 2 . Capture of putative monosynaptic EPSCs elicited in response to reliable, longduration photostimulation. A, B, Frequency histograms of the first (black) and last (gray) action potentials recorded in current-clamp mode in response to firing the calibrated laser pulses (100 ms; bold black line above the graphs) directly at the cell soma for both early (A) and late (B) time points (n ϭ 46 and 59 photostimulation events, respectively). C, D, The number of EPSCs per 10 ms bin recorded under voltage-clamp conditions (in HDC ACSF) in response to firing the laser across the whole extent of the mapping grid. The arbitrary window used to pull out putative monosynaptic EPSCs (see text for full details) is highlighted by the gray histogram bars. E, F, A similar proportion of the recorded EPSCs was captured at both ages using our arbitrary criteria as revealed by the cumulative frequency plots.
amount of layer 2/3 input onto layer 5 somatosensory pyramidal cells (Fig. 6G ) with a similar pattern observed in the motor cortex (Fig. 6 H) . An almost identical timeline was observed in layer 2/3, somatosensory cells showed a significant increase in local afferent input from layer 2/3 after P12 ( p ϭ 0.02; P9 -P12, average of 601 Ϯ 91 pA; P13-P16, 986 Ϯ 133 pA) whereas the increase was delayed in motor cortex until P17-P21 ( p Ͻ 0.01; P13-P16, average of 826 Ϯ 63 pA; P17-P21, 1661 Ϯ 154 pA).
NMDAR-mediated contribution to early synaptic input
The shift in inputs onto layer 5 pyramidal cells independent of cortical region occurs at a time that is consistent with the progressive maturation of the canonical cortical circuit (Bureau et al., 2004; Chittajallu and Isaac, 2010; Ashby and Isaac, 2011) and provides an intriguing insight into the dynamics of this emergent multilayered network. It is unclear what the substrate for this process is. However, the fairly rapid emergence of the circuitry post-P12 suggests that some form of template must already be in place. Previous experiments detailing the development of glutamatergic input have focused primarily on that mediated by AMPA receptors (AMPARs) (Bureau et al., 2004) . However, it is widely accepted that NMDAR-mediated synaptic transmission is important at early developmental time points and required for cortical early network oscillations (cENOs; Allène and Cossart, 2010) .
To gain an understanding of the spatial distribution of NMDAR-mediated inputs onto pyramidal cells over development, we mapped layer 5 pyramidal cells located in the primary somatosensory cortex at P8 (n ϭ 5) and a later age (P16; n ϭ 4). We alternated between two holding potentials (Ϫ70 mV, Fig. 7 A, D,H ; and ϩ40 mV, Fig.  7 B, E,I ), using a Cs ϩ replacement intracellular electrode solution (Rumpel et al., 2004) . It was apparent from the raw traces that while at most target points PSCs observed at Ϫ70 mV were replicated at ϩ40 mV (Fig. 7 A, B , top two traces), there were on occasion novel PSC responses at the depolarized holding potential (Fig. 7 A, B bottom two traces). Analysis of the 10 -90% rise time of the mapped PSCs at both holding potentials (Fig. 7C) revealed the presence of a second PSC population with slower dynamics at the depolarized potential. LSPS mapping of afferent input onto P8 cells at Ϫ70 mV (Fig. 7D) revealed the pattern of synaptic input similar to that we had previously observed, Figure 3 . Application of LSPS to map emergent connectivity of neocortical pyramidal cells across layers 2/3 and 5. A, A tuned (only evoking 2-3 action potentials), direct current-clamp response to LSPS evoked by targeting the UV laser at the soma of the recorded pyramidal cell. B, Voltage-clamp responses observed after the laser was fired at spots distal to the recorded pyramidal cell. The onset of the laser pulse is indicated by the left vertical dashed line, the duration (100 ms) is indicated by the horizontal red line. The onset of the analysis window (shaded gray) is marked with the middle vertical dashed line and the offset-which occurs 100 ms after the last action potential from the direct response profile (shown in A)-is marked by the right vertical dashed line. The arrow, trace 2, indicates an EPSC that would be excluded from the data analysis. C, A single-sweep, raw EPSC input map for a P17 layer pyramidal cell (the location of the soma denoted by the white triangle). Numbered squares refer to the traces shown in B; squares with circles indicate target sites with large-amplitude, direct glutamate-uncaging responses; open circles indicate points at which EPSCs were observed after repeat runs of the same map; sites with low-amplitude direct responses in which EPSCs were included are indicated by the white asterisks. Inset, Corresponding DAPI (4Ј,6Ј-diamidino-2-phenylindole dihydrochloride) stain (blue) of the somatosensory cortex shown to scale with immunohistochemistry for CTIP2 (red) to delineate approximate layer boundaries. D, The reduction in variability (error) associated with repeated mapping for 3 cells mapped at P11-P12. E, Average map (n ϭ 6 sweeps) for the cell shown in A-C; approximate (to the nearest 50 m on the vertical axis) layer boundaries delineated by white dashed lines. The location of the recorded cell is shown by the white triangle; squares with filled circles indicate target sites with large-amplitude, direct glutamate-uncaging responses that precluded the analysis of EPSCs at this target spot. Inset, Histogram showing the distribution of synaptic input (summed for each 50 m grid line) across the vertical orientation.
namely that at early ages a fair proportion of the input came from the immediate vicinity of the cell. This distribution was altered at ϩ40 mV input (Fig. 7E ) with an increase in input from layer 2/3 (histogram, Fig. 7E ). To gain a better understanding of the extent of the NMDA contribution we compared the average PSC amplitude observed at a holding potential of ϩ40 mV with that detected at Ϫ70 mV across all the uncaging sites (Fig. 7F ). This revealed a cluster of novel responses observed at ϩ40 mV. We performed a Wilcoxon signed-rank test to test the null hypothesis that there was no difference in the distribution of the synaptic input measured at the two holding potentials. The null hypothesis was rejected for all five P8 cells. However, it was possible that this was influenced by the rectification in synaptic EPSC amplitude measured at ϩ40 mV (Kumar et al., 2002) . For comparison we also determined the corresponding ratio for the somatic glutamate response under control conditions [ . The somatic response did not exhibit such pronounced rectification. We used the AMPA-ratio derived from the somatic glutamate response to calculate the expected AMPA-only EPSC amplitude at ϩ40 mV for each laser point (data not shown). Across all P8 cells test the distribution of the predicted and actual, observed ϩ40 mV response amplitude was significantly different in favor of the latter (two-tailed Wilcoxon signed-rank test; p Ͻ 0.01 for the example shown, Fig. 7F ) . A plot of the points with an increased amplitude or entirely novel response at the holding potential of ϩ40 mV (Fig. 7G , asterisk) revealed a prominent skew toward layer 2/3 target points that was consistently observed across all the P8 cells recorded (n ϭ 5). In contrast, mapping P16 inputs in this manner (Fig. 7 H, I ) revealed similar afferent input maps at both holding potentials, with no difference (Wilcoxon signed rank test; p ϭ 0.549 for the example shown) in the distribution of the inputs between the two holding potential (Fig. 7 J, K ) .
The delayed onset and time course of the LSPS-evoked slower PSCs elicited at ϩ40 mV suggest that they were synaptic in origin; however, an alternative possibility is that the responses observed were due to activation of extrasynaptic receptors which form a sizeable proportion of the NMDAR pool throughout early postnatal ages (Harris and Pettit, 2007) . To test the latter we used an established protocol (Hardingham et al., 2002) to block synaptic NMDARs using the anticonvulsant NMDAR antagonist MK-801 (Halliwell et al., 1989) . P8 acute in vitro slices were preincubated in bicuculline and MK-801, before mapping afferent input onto layer 5 pyramidal cells (n ϭ 4) as before, at both Ϫ70 mV and ϩ40 mV (Fig. 8 A, B , respectively). In contrast to our previous control observations at P8 (Fig. 7B) , analysis of the MK-801-incubated afferent input maps revealed similar distribution at both holding potentials (histogram, Fig. 8 B) . Again, we calculated the somatic AMPA ratio and tested whether or not there was a significant difference in the predicted (for AMPA alone) versus observed ϩ40 mV response (Fig. 8C) . Our analysis revealed that in two cases there was a significant difference (both p Ͻ 0.05; two-tailed Wilcoxon signed-rank test); however, it was a decrease in the observed response, likely attributed to the lack of rectification in the recorded somatic AMPAR response. Furthermore there were no pronounced novel sources of input at ϩ40 mV, with only a few target spots dispersed across the mapping grid having a more pronounced input onto the recorded cell when recorded at the ϩ40 mV holding potential (Fig. 8 D) . Also evident, but excluded from our PSC analysis, were direct, low amplitude glutamate responses (Fig. 8 D; laser target spot marked with asterisk) observed when the cells were held at ϩ40 mV in the presence of MK-801 (Fig. 8 D,  inset) . The absence of novel EPSCs at ϩ40 mV in MK-801-incubated slices suggests that the distal sources of input ordinarily observed onto P8 pyramidal cells (Fig.  7 E, G) are synaptic in nature and caused by NMDAR activation. These accounted for a good proportion (27 Ϯ 4%; n ϭ 5) of the laser target points that provided synaptic input at P8, but were almost entirely absent at 6 (4 ϩ 2%, Ϫ1%, Fig. 8 E) . Identification of target points that provided exclusively NMDAR-mediated input enabled us to calculate the relative amplitude distribution across cortical layers at this early time point (Fig. 8F) . This revealed that the predominant layer 5 input observed in P8 pyramidal cells voltage-clamped at Ϫ70 mV shifted to a more even distribution when held at ϩ40 mV, due to a pronounced layer 2/3 bias in the source of novel NMDAR-mediated PSC inputs (termed NMDA, Fig. 8 F) . Together these data suggest that early pyramidal cells do receive a considerable amount of input from beyond the immediate layers, in line with the eventual emergence of the canonical network. However, it is initially mediated by NMDARs imparting a requirement for coincident activation of layer 2/3 and 5 networks for signaling to occur in postsynaptic layer 5 pyramidal cells.
The impact of burst activity on the integration states of neonatal pyramidal cells
Low-frequency, synchronous activity are common to developing neural networks in the mammalian cerebral cortex (Leinekugel et al., 2002; Golshani et al., 2009 ) and could facilitate the physiological integration of neurons in the neocortex via the awakening of silent synapses (Kasyanov et al., 2004; Sivakumaran et al., 2009) . Given the considerable amount of NMDA-dependent glutamatergic input evident at early ages we examined whether short-term exposure to synchronous activity could influence integration as assessed by LSPS. Regardless of ages our recorded neurons were largely devoid of spontaneous suprathreshold activity so our initial strategy was to evoke cortical giant depolarizing potentials (cGDPs) in young (ϽP9) acute in vitro cortical slices by elevating the extracellular K ϩ concentration. However, we were unable to evoke consistent suprathreshold spike activity in coronal slices (n ϭ 7) as previously reported (Allène Figure 6 . Development of synaptic input onto somatosensory and motor cortex pyramidal cells. A, Histogram showing the average (ϮSEM) total synaptic input onto layer 2/3 (light gray) and 5 (dark gray) somatosensory pyramidal cells over development (*p Ͻ 0.05, significant difference in the population data; Student's t test). B, Corresponding data for motor cortex. C, The degree to which synaptic input was distributed across the vertical orientation of map was determined using a one-way ANOVA with a null hypothesis that the input onto the recorded somatosensory cell was evenly distributed across this axis. Each data point represents a single cell located in either layer 2/3 (light gray) or 5 (dark gray); the null hypothesis was rejected when p Ͻ 0.05; p ϭ 0.05 is indicated by the dashed line. D, Corresponding data for motor cortex. E, Side view of a group of input maps for somatosensory cortex layer 5 (predominantly layer 5a) pyramidal cells over development, ordered according to increasing age from left to right (the age of each cell has not been annotated for clarity). Cell body location indicated by the white triangles; layer boundaries indicated by the white lines; asterisks indicate points not targeted during LSPS in shortened P5-P6 postnatal maps. F, Side view of 4 motor cortex layer 5 pyramidal cell input maps similar to that shown for somatosensory cortex in E; amplitude (pA) calibration for E and F shown under E; micrometer scale shown under F. G, H, Development of synaptic input on somatosensory (white histogram bars) and motor (black histogram bars) cortex layer 5 pyramidal cells, respectively. All values reported ϮSEM; indicated by asterisk, *p Ͻ 0.05, **p Ͻ 0.01, significant difference (Student's t test) in the populations.
et al., 2008). Therefore we decided to pursue a more robust approach and perfused the acute in vitro slices with nominally zero magnesium (0-Mg 2ϩ ) ACSF ( Fig. 9A ; Silva et al., 1991; Flint et al., 1997) . Slices were perfused with 0-Mg 2ϩ ACSF following completion of the initial control mapping (Fig. 9B,G) and once the HDC ACSF had been washed off (minimum of 6 min). This manipulation resulted in an increase in baseline activity regardless of the age of the slice (Fig. 9A) . To avoid excessive stimulation we only exposed the slices to 20 min of 0-Mg 2ϩ ACSF so as to limited our chances of eliciting any longduration, 'seizure-like state' events (Kawaguchi, 2001 ); a single cell that exhibited such a response during the 20 min period was discarded from our subsequent analysis. The level of activity elicited (for which measures included average and maximum instantaneous spike frequency, number of action potentials, number of bursts and sustained (Ͼ200 ms) subthreshold depolarizations) was remarkably similar across development, the only significant difference being the proportion of action potentials associated with burst (defined as Ն2 action potentials at a frequency of Ն5 Hz; inset, Fig. 9A ) which dropped over development (data not shown).
One advantage of using 0-Mg 2ϩ ACSF perfusion was that burst activity could be rapidly terminated on switching back to normal ACSF (Fig. 9A) , enabling us to remap the afferent input in a timely manner once a stable baseline had been achieved. Exposure to activity did not alter the LSPS-evoked direct glutamate response of the cell recorded in current clamp (n ϭ 26) across all the ages tested, be that either the number of spikes elicited by firing the laser directly at the cell soma or the amplitude of distal subthreshold direct glutamate responses (data not shown). In early preparations (before P12; n ϭ 17) LSPS performed after the cessation of activity revealed an increase in the EPSCs elicited ( Fig. 9C ) with some previously quiescent target points now revealing robust, active afferent synaptic connections (Fig. 9D-F ) .
In the cases where we could track the prolonged impact of 0-Mg 2ϩ ACSF perfusion this elevated synaptic input remained stable even after further washout in normal ACSF (up to 30 min, n ϭ 4). At later ages (ϾP12, n ϭ 10; Figs. 9G-I ) exposure to 0-Mg 2ϩ ACSF-evoked activity caused no significant shift in the overall distribution or amplitude of the majority (7 of 10) of the input maps (Fig. 9G,H ) . In these cells examination of the individual laser target points (Fig. 9I ) revealed that there were only small fluctuations in the sum of EPSC amplitudes per pixel that were invariably in equilibrium within the layers examined (histogram, Fig. 9H ). Of the three cells that did show a significant difference, two showed reduced synaptic input (Fig. 9J ) .
Analysis revealed that in the majority of cells recorded before P12 (11 of 17; Fig. 9J ) there was a significant change in afferent input following incubation with 0-Mg 2ϩ ACSF (Wilcoxon signed-rank test, p Ͻ 0.05, black circles), and that in all cases this represented an enhancement of total synaptic input. Assessment of the control and post-0-Mg 2ϩ EPSC properties revealed similar distribution in terms of rise time and amplitude; the only noticeable difference being an increase in the numbers of events detected. Six early postnatal cells (ϽP12) did not exhibit a significant shift in input map in response to our manipulation. These cells had similar ( p Ͼ 0.05) baseline levels of input (746 Ϯ 88 pA; range 441-991 pA) to cells that did show a response (628 Ϯ 127 pA; range 297-1275 pA) and were indistinguishable in all their passive and active attributes, with the exception of the number of action potential elicited during 0-Mg 2ϩ ACSF perfusion ( Fig. 9K ; p ϭ 0.04). Control, early (P8 -P10) pyramidal cells incubated in normal ACSF for the 20 min (n ϭ 5) showed spike activity and no significant change in total synaptic input (Wilcoxon signed-rank test, p Ͼ 0.1 for all 5 cells). Thus it would appear that active participation during even relatively brief periods of synchronized burst activity have the potential to alter the level of glutamatergic input onto pyramidal cells up until midway through the second postnatal week.
Discussion
We have used laser scanning photostimulation of caged glutamate to define the time course for the gross physiological integration of pyramidal projection neurons in the motor and adjacent somatosensory regions of the mouse neocortex. Our evidence points to a coordinated development of the glutamatergic system during the first three postnatal weeks that undergoes a shift around postnatal The dashed black line indicates the ratio expected from the observed somatic direct glutamate; the gray dashed line, linear regression for all the observed synaptic responses; the red dashed oval, expected distribution for exclusively NMDAR responses observed under control conditions. D, Plot of laser target points with evoked synaptic responses biased toward that observed at the ϩ40 mV holding potential; a direct glutamate response that is more prominent at ϩ40 mV is shown below and was identified from the laser target point highlighted by the white square and asterisk. E, Plot of the percentage of novel synapticinputsobservedataholdingpotentialofϩ40mVincontrolcells(whitecirclesforindividual cells; average indicated by the black circle ϮSEM) mapped at either P8 (n ϭ 5) or P16 (n ϭ 4); light graydatapointsindicatetheequivalentdataobtainedfromP8cellspreincubatedinMK-801(nϭ4). F, Histogram showing the average percentage afferent input from each layer impacting on P8 layer 5 pyramidal cells recorded at the different holding potentials (n ϭ 5); NMDA, the layer source of the novel input observed at ϩ40 mV.
day (P)12 in somatosensory cortex and a few days later in adjacent motor cortex. At this critical juncture, a switch is seen in the profile of the synaptic input onto pyramidal cells from a labile integrative phase to that of a more consolidatory period. Post-P12 the physiological architecture of the glutamatergic system largely conforms to that previously described for the canonical cortical circuit. We suggest that the prolonged nature of this integrative phase is a requirement for the successful progressive recruitment of cortical circuitry by emergent sensory input.
LSPS as a tool to dissect emergent connectivity in the cerebral cortex LSPS has been used previously to characterize mature excitatory inputs onto neocortical pyramidal cells and local GABAergic interneurons located in layers 2/3 (Yoshimura and Callaway, 2005; Barbour and Callaway; ) and 5 of the neocortex (Schubert et al., 2001 (Schubert et al., , 2006 Anderson et al., 2010; Apicella et al., 2012) . However, only a few studies have used LSPS to study the development (Dalva and Katz, 1994; Bureau et al., 2004; Ashby and Isaac, 2011; Viswanathan et al., 2012) and plasticity (Jin et al., 2006 (Jin et al., , 2011 Bureau et al., 2008; Rosselet et al., 2011) of neocortical synaptic inputs. The majority of experiments have used LSPS on neurons held at near resting membrane potential to identify predominantly AMPARmediated afferent input. However, it has also been used on a number of occasions to look at the balance of excitatory and inhibitory input onto pyramidal cells (Schubert et al., 2001) and GABAergic interneurons (Xu and Callaway, 2009) . Given the importance of NMDAR-dependent neurotransmission in the developing cortex, and the increased prevalence of silent NMDAR-mediated syn- apses at early ages, we decided to extend the approach used previously to map inputs onto the recorded, postsynaptic pyramidal cell held at ϩ40 mV (see also Ashby and Isaac, 2011) . Glutamatergic synapses containing only postsynaptic NMDARs have been termed silent synapses and are thought to be critical to synaptic plasticity in immature neuronal circuits. Previous studies have shown that the number of silent synapses drops throughout development, paralleled by the increase presence of active AMPAR synapses after the end of the first postnatal week (Isaac et al., 1997; Rumpel et al., 2004) . By using LSPS at holding potential of Ϫ70 mV and ϩ40 mV we could effectively map NMDA-mediated input across the breadth of the cortical column thus gain a more in-depth profile of the number and the laminar source of these synapses. Our data suggest a role for exclusively NMDAR-mediated synapses in the development of the layer 2/3 to 5 pathway.
